Cacao is a tree crop of high economic importance and the subject of several studies aiming the genetic improvement of the species with the incorporation of characteristics that are agronomically important to create superior genotypes. In this context, this study aimed to characterize 22 genotypes of cacao for sexual compatibility, which is a trait that is strongly associated with yield. Additionally, we identify genotypes incompatible with clone TSH-1188 through controlled intercrosses, due to the great importance of this clone in cocoa breeding. Fifteen genotypes were characterized as self-incompatible and other seven as self-compatible, considering the retention index (20%) of self-pollinated flowers. Nine genotypes were characterized for the first time: CCN-16, COCA-3310, COCA-3370/5, EB-1017, IMC-119, IMC-97, LCTEEN-37A, NA-45, and UF-612. Cacao genotypes showed flower retention index ranging from 0.0% to 55.1% after 15 days of self-pollinations. The number of retained flowers varied after self-pollination of cacao genotypes at 1, 5 and 15 days after pollination. CCN-51, Catongo, CCN-10 and P-4B, were the genotypes with minor losses of flowers after 15 days of pollination, while IMC-119 and TSH-516 had 100% of loss of flowers between 1 and 5 days after pollination. Moreover, the flower retention index 15 days after cross-pollination with TSH-1188 ranged from 0.0% to 87.5% among the tested genotypes. The results of cross-pollinations identified two genotypes that are incompatibles, EB-1017 and IMC-119. This result is important for future allelic studies of incompatibility in cacao, because it might indicate that these genotypes share the same self-incompatibility allele(s). We conclude, therefore, that this study enable the characterization of this working collection of cocoa germplasm for sexual compatibility and this information is important for subsequent crosses between cacao genotypes.
Introduction
Theobroma cacao L. (cacao) is a tree of the Malvaceae family that has great economic importance because of its use in the manufacturing of cosmetics, juices, pulps, and especially chocolate [1] . The cacao flowers, grouped in flower cushions, appear on the trunk and on the branches. They are hermaphrodite and composed of five petals, five sepals, five staminodes, five stamens and a pistil, and the natural pollination occurs mainly by insects of the genus Forcipomyia Meigen, 1818 [2] [3] [4] . The tree produces approximately 125.000 flowers per year; however, fertilization rates are low and only about 2% will set fruits [5] [6] [7] .
Sexual compatibility is a feature of utmost importance for the genetic improvement of cacao, because it is directly associated with yield [8] . Self-compatible plants produce more fruits than self-incompatibles, and, therefore, it should be considered as relevant to plan crosses aiming at increased production, as well as for selection of possible clones classified as agronomically satisfactory [9] [10].
The mechanisms of sexual incompatibility exist in nature and favor the genetic variability of the species, because they avoid the self-fertilization that would cause increased homozygosis [11] . These mechanisms act on rejection of pollen, non-germination of pollen, disruption of pollen tube growth and in the embryo development [2] [11] [12] .
Self-incompatibility is controlled by different alleles and two processes can be reported, gametophytic and sporophytic influence [7] [10]. The gametophytic self-incompatibility is determined by the male gamete with haploid pollen, while the female spore with a diploid maternal genotype determines the sporophytic self-incompatibility [2] [11] [12] .
Self-incompatibility in cacao possibly occurs in the ovary with the activation of the recognition S gene, resulting in the reaction of rejection between the ovule and the pollen tube that subsequently will cause the excision of flowers, usually after 72 hours of self-pollination [13] [14] . Self-incompatibility prevents syngamy (fertilization) by biochemical processes of recognition and rejection; while in self-compatible plants after of the pollination (24 to 48 hours after) fusion occurs between the plasma membrane of a sperm cell and the egg cell, and syngamy occurs when the other sperm cell fuses with the polar nuclei [13] [15] [16] [17].
Cope [13] analyzed the results of self-pollination of self-compatible clones and proposed the hypothesis of degrees of self-compatibility, and this is explained by the introduction of two pairs of independent genes, A and B, complementary and modifiers of the S gene of incompatibility.
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In cacao, it is possible to find self-compatible and self-incompatible varieties, and this difference is the target of different studies [9] [13] [18] . In this context, the objectives of our study were to characterize the self-compatibility status in different genotypes of cacao, and the inter-compatibility status with clone TSH-1188 through artificial pollination crosses. is an important source of resistance to disease, yield potential and quality [25] .
Material and Methods

This
Retained flowers in self-and inter-compatibility were evaluated at 1, 5, and 15
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days after pollination for all genotypes. This study used the retention index of at least 20%, 15 days after pollination, to characterize the genotypes as self-and inter-compatible with TSH-1188, values below 20% were characterized as self-and inter-incompatible with TSH-1188 [21] . Retention index was calculated as the number of pollinated flowers retained on trees after pollination, multiplied by 100, and divided by the total number of pollinated flowers. The final characterization of the genotypes based on retention index 15 days after pollination.
In the statistical analysis, the software SISVAR 5.4 was used [26] , which includes the analysis of variance (ANOVA) between genotypes cross-compatible and cross-incompatible with TSH-1188, and descriptive statistics: average retention index, amplitude, variance and standard deviation.
Results and Discussion
Cacao genotypes showed flower retention index ranged from 0.0% to 55.1% after 15 days of self-pollinations. Eight genotypes showed a flower retention index of 0.0%, seven genotypes between 1.4% and 7.5%, and seven genotypes between 28.0% and 55.1%, especially CCN-51 (55.1%), Catongo (54.8%), CCN-10 (50%) and P-4B (50%).
The flower retention index 15 days after cross-pollination with TSH-1188 ranged from 0.0% to 87.5% among the tested genotypes. After the controlled cross-pollination, only two genotypes showed flower retention index below 20%; EB-1017 (0.0%) and IMC-119 (7.3%). The other 14 genotypes had flower retention index between 30.0% and 87.5% (Table 1 ).
The basic method that researchers use to characterize the cacao genotypes for their compatibility is to count the number of flowers that remain attached to the trees after an interval of time of pollination, usually 15 days after pollination.
Some authors consider the genotypes as compatible when they show levels of retention of 2% of the flowers pollinated [27] , above 5% of the flowers pollinated for the genotypes TSH-1188, TSH-516, TSH-565, CCN-10, CCN-51 and CCN-16 [34] . The importance of testing these genotypes is justified by their frequent use in breeding studies and in commercial plantations. The CCN-51 and Catongo genotypes are widely used in studies that seek the genetic improvement of cacao associated with witches' broom, and are widespread in cacao plantations [35] .
Other genotypes such as CCN-16, COCA-3310, Coca-3370/5, EB-1017, IMC-119, IMC-97, LCTEEN-37A, NA-45, and UF-612 were characterized here for the first time. These genotypes were chosen for this study due to their characteristics of agronomic interest and utility for genetic improvement of cacao studies [35] S. M. and IMC-119. Retention index for flowers of TSH-565 after cross-pollination with TSH-1188 was 87.5%, which might indicate greater affinity between these genotypes. Our results show that the use of TSH-1188 as one of the genotypes grown with other genotypes in a commercial plantation could potentially contribute to increased production as mentioned in Cadavid-Vélez [21] . Although TSH-565 and TSH-1188 are self-incompatible, when inter-crossed between each other they have a high flower retention index. This result is relevant due to characteristic of witches' broom resistance that both genotypes present, because progenies originating from this crossing may contain self-compatible genotypes and resistant to witches' broom.
The number of retained flowers varied after self-pollination of 22 cacao genotypes at 1, 5 and 15 days after pollination. CCN-51, Catongo, CCN-10 and P-4B, were the genotypes with minor losses of flowers after 15 days of pollination, while IMC-119 and TSH-516 had 100% of loss of flowers between 1 and 5 days after pollination. Highlights that the IMC-119 had 90% of loss of flowers after 1 day of pollination (Figure 1(a) ). Analysis of the flower retention index of all genotypes showed a loss of 25.1% in the first 24 hours after pollination, 53.7% after 5 days and 86.7% after 15 days of self-pollination. The number of self-incompatible genotypes of this study influences this result (Figure 1(b) ). When analyzed self-compatible genotypes (Catongo and CCN-51) and self-incompatible genotypes (EB-1017 and IMC-119), separately, it is possible to verify a higher flower retention index in the three periods of evaluation (1, 5 and 15 days) among the self-compatible genotypes (Figure 1(c) ).
The number of retained flowers after cross-pollination of 16 cacao genotypes at 1, 5 and 15 days after pollination varied (Figure 2(a) ). Analysis of the flower retention index of all genotypes showed a loss of 9.2% in the first 24 hours after pollination, 42.3% after 5 days and 47.3% after 15 days of cross-pollination. The low number of incompatible genotypes when crossed with TSH-1188 influenced this result (Figure 2(b) ). The flower retention index of all genotypes 15 days after the self-pollination was used in the statistical analysis. In this study, the average retention index was 15.6%, with amplitude of 0.0% to 55.1%, variance of 434.6% and standard deviation of 20.8%. When the 16 genotypes were cross-pollinated with TSH-1188 average flower retention index was 53.6%, with amplitude of 0.0% to 87.5%, variance of 584.9%, and standard deviation of 24.2%. ANOVA analysis showed statistically significant differences between genotypes cross-compatible and cross-incompatible with TSH-1188 ( Table 2 ). The explanation for this increase of average retention index in cross-pollinated genotypes with THS-1188 is associated with number of cross-compatible genotypes (81.25%), while in the self-pollination the number of self-compatibles genotypes was 31.08%. Statistical analyses showed that retention index was higher for cross-pollination than for self-pollination, confirming the important role of the insertion of different genotypes in the plantation in farms that aimed at production. By the ANOVA analysis, we showed significant difference between genotypes compatible and incompatible with TSH-1188.
Conclusion
Our study extends the knowledge about sexual self compatibility of cocoa clones, and their inter compatibility with TSH-1188. This extended classification allows breeders to better plan their crosses with the aim of developing improved self-compatible varieties, as well as for farmers to plan their fields in order to maximize the success in pollination.
